We report on switching among three charge-density-wave phases -commensurate, nearly commensurate, incommensurate -and the high-temperature normal metallic phase in thin-film 1T-TaS2 devices induced by application of an in-plane electric field. The electric switching among all phases has been achieved over a wide temperature range, from 77 K to 400 K. The low-frequency electronic noise spectroscopy has been used as an effective tool for monitoring the transitions, particularly the switching from the incommensurate charge-density-wave phase to the normal metal phase. The noise spectral density exhibits sharp increases at the phase transition points, which correspond to the step-like changes in resistivity. Assignment of the phases is consistent with low-field resistivity measurements over the temperature range from 77 K to 600 K. Analysis of the experimental data and calculations of heat dissipation suggest that Joule heating plays a dominant role in the electric-field induced transitions in the tested 1T-TaS2 devices on Si/SiO2 substrates. The possibility of electrical switching among four different phases of 1T-TaS2 is a promising step toward nanoscale device applications. The results also demonstrate the potential of noise spectroscopy for investigating and identifying phase transitions in materials.
Switching between various material phases at room temperature by the application of electric field has the potential of becoming a new device paradigm for future electronic and optoelectronic technologies [1] [2] [3] [4] . Among the promising material candidates, which must exhibit phase changes characterized by abrupt resistivity changes and hysteresis, is the 1T polymorph of tantalum disulfide (TaS2). The quasi-two-dimensional (2D) van der Waals layered crystalline 1T-TaS2 exhibits charge-density-wave (CDW) effects, i.e. periodic modulation of the charge density and the underlying lattice resulting from the interplay between the electron-electron and electronphonon interactions [5] [6] [7] [8] [9] [10] [11] [12] [13] 14 . The CDW state becomes fully commensurate with the lattice below ~200 K [15] [16] [17] . The commensurate CDW (C-CDW) consists of a √13 × √13 reconstruction within the basal plane that forms a star-of-David pattern in which each star contains 13 Ta atoms. The
Fermi surface, composed of 1 d-electron per star, is unstable, so that the lattice reconstruction is accompanied by a Mott-Hubbard transition that fully gaps the Fermi surface and increases the resistance 15, [18] [19] [20] [21] . As the temperature increases above 180 K, the C-CDW phase breaks up into a nearly commensurate CDW (NC-CDW) phase that consists of ordered C-CDW regions separated by domain walls 22 . This C-CDW to NC-CDW transition is revealed as an abrupt change in the resistance with a large hysteresis window in the resistance profile at ~200 K. As the temperature is increased to ~350 K, the NC-CDW phase melts into an incommensurate CDW (I-CDW) in which the CDW wave vector is no longer commensurate with the lattice. This transition is accompanied by a smaller hysteresis window in the resistivity 23, 24 . Only at high temperatures of ~500 K -600 K does the I-CDW phase melt into the metallic normal phase (NP) of 1T-TaS2 5 .
Until now, the transition from the I-CDW to the NP phases has been achieved only via heating of 1T-TaS2 samples.
Apart from temperature, various CDW phase transitions in 1T-TaS2 and some related materials, e.g. 1T-TaSe2, can be induced by external perturbations including doping 17, 17, [25] [26] [27] [28] [29] [30] [31] photoexcitation 8, 32 , pressure 5 , carrier injection 6, 33 , reduction of thickness [34] [35] [36] , electric field 9, 24, 33 , laser pulse 8, 37 , and gate voltages 33, 38, 39 . The existence of several CDW phases, in addition to electrically driven switching among them within a short time scale, makes 1T-TaS2 a particularly promising candidate for electronic device applications 6, 33, 40 even though the exact nature of these phases continues to be a subject of debate [41] [42] [43] [44] . Major impetus for this research came from the demonstration of a 1T-TaS2-based voltage controlled oscillator operating at room temperature Electric Switching of the Charge-Density-Wave and Normal Metallic Phases in 1T-TaS2 Thin-Film Devices -UC Riverside 2019
4 | P a g e (RT); this device utilizes the NC-CDW -I-CDW phase transition, which occurs at 350 K in the "low-bias" regime 38 . Here we refer to the resistivity as "low-bias" when it is measured at very low electric bias, i.e. few mV, to guarantee the absence of self-heating and thus preclude transitions induced entirely by the temperature change 38, 45 . Subsequent work has focused on the implementation of such CDW devices for information processing 46, 47 and radiation-hard applications 48, 49 .
It has been suggested that electric field and current not only interact with the CDW but also result in Joule heating, which in turn causes the phase transitions in 1T-TaS2 50 . The extent to which the electrical field by itself, versus self-heating associated with the current conduction, is responsible for inducing transitions between C-CDW and NC-CDW or NC-CDW and I-CDW is still under debate 38, 50, 51 . Moreover, although the electric field induced C-CDW to NC-CDW and NC-CDW to I-CDW phase transitions in 1T-TaS2 have been reported by many groups 6, 38, 52 there have been no reports on the electric-field induced transition to the normal metallic phase. This situation can be attributed to the difficulty of reaching temperatures of = 550 K -600 K via self-heating due to the applied electric bias and the less pronounced change in the resistivity at the I-CDWnormal phase (NP) transition. The possibility of using the I-CDW -NP transition for devices is attractive, however, due to their anticipated radiation-hardness, 48, 49 which stems from the inherent tolerance of metallic materials to radiation damage compared with semiconductors.
In this Letter, we report on inducing the I-CDW -NP transition by applying an in-plane electric field in 1T-TaS2 devices on conventional Si/SiO2 wafers, operating over a wide temperature range, including RT. The measurements of the low-frequency electronic noise, i.e. current fluctuations, have been used to unambiguously observe the phase transitions, particularly the switching from the I-CDW to NP. The low-frequency noise, typically with the spectral density ( )~1/ ( is the frequency and parameter ≈ 1), is found in almost all materials and devices 53, 54 . Although practical applications can benefit from the reduction of the low-frequency noise, it also can be used as a characterization tool that reveals information about the physical processes in materials 44, 45, 55, 56 . The electrical switching among three CDW phases and one normal phase of 1T-TaS2 is demonstrated with the help of low-frequency-noise spectroscopy. The rest of the paper is organized as follows. First, the material preparation, device fabrication, and resistivity Electric Switching of the Charge-Density-Wave and Normal Metallic Phases in 1T-TaS2 Thin-Film Devices -UC Riverside 2019
5 | P a g e measurements are briefly outlined. Second, low-frequency noise measurements are described in the context of monitoring phase transitions and carrier transport in CDW materials. Third, simulation of heat dissipation is used to assess the relative importance of the self-heating and electric field for inducing CDW and metallic phase transitions.
Multi-millimeter-sized crystals of 1T-TaS2 were synthesized by iodine-mediated chemical vapor transport (CVT) (Methods) and their quality was evaluated by X-ray diffraction, energy dispersive spectroscopy, and other material characterization techniques, as previously detailed 38, 45 . Thin layers of crystalline 1T-TaS2 were cleaved by mechanical exfoliation and transferred to SiO2/Si substrates. We intentionally used 1T-TaS2 layers with thicknesses greater than 9 nm to preserve the C-CDW -NC-CDW phase transition. It is known that 1T-TaS2 quasi-2D films with thicknesses approaching a monolayer do not reveal the C-CDW -NC-CDW transition 23, 38 . The 23, 38 . The abrupt changes in the noise spectral density happen at the same temperatures as the corresponding steps in the electrical resistance. Additional data confirming this conclusion are presented in the Supplemental Information. Our measurements in the low-bias regime prove that the noise spectroscopy can be used as an efficient tool for monitoring the phase transitions in a 1T-TaS2 device 45 .
Irrespective of the exact physical mechanism of the phase transitions in thin films of 1T-TaS2, i.e.
pure electric field effect, Joule self-heating or both, the electrical bias, , required to induce the transitions should depend on the device geometry and design details. To induce the I-CDW -NP transition by the electric field, at reasonably low , we fabricated devices with different geometries, channel lengths, and thicknesses. The strength of the applied field was varied from low to high (up to 35 kV/cm). The I-V characteristics and noise spectral density were measured as the functions of the electric field at different temperatures. Figure 2 shows the resistance and noise characteristics of a 1T-TaS2 device with 60-nm-thick channel, measured at RT. The resistance as a function of the applied electric field, , is presented in Figure 2 (a). It drops sharply at the field of 3.6 kV/cm, which corresponds to the NC-CDW -I-CDW phase transition. At = 6 kV/cm, there is another relatively small step-like decrease in the resistance suggesting the IElectric Switching of the Charge-Density-Wave and Normal Metallic Phases in 1T-TaS2 Thin-Film Devices -UC Riverside 2019
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[ Figure 2 ]
The normalized current noise spectral density, / 2 , near the I-CDW -NP transition is shown in Figure 2 (b). The data are presented for different values of the electric field. Away from the phasetransition field, the noise spectra are of 1/ type ( ≈ 1), indicating that there were no electromigration or dominant defect states, i.e. trap levels, with characteristic time constants. The noise increases with the trace of a Lorentzian peak at the transition bias, which corresponds to the onset of the I-CDW -NP transition. The evolution of the noise spectral density over the entire range of electric bias can be seen in Figure 2 (c), which shows / 2 ( = 10 Hz) as a function of electric field. There are three abrupt noise peaks. The peaks at = 3.6 kV/cm and = 6 kV/cm correspond to the NC-CDW -I-CDW and I-CDW -NP transitions, respectively. The noise level increases near or at the phase transition points owing to the lattice reconstruction. One should note that noise peak at the transition to the normal phase is much more clear than the slight step in the resistance at the same value of the electric field. The latter proves the usefulness of the noise spectroscopy for monitoring phase transitions. There is another peak in the noise spectral density at the applied field ≈ 1 kV/cm. We attribute this peak to the onset of CDW de-pinning, in line with our previous finding 45 . We also note that for some devices, the electric field to induce the phase transition, determined from the noise measurements, was somewhat lower than that from I-V characteristics. This difference can be attributed to the differences in sweep rates utilized for the I-V and noise measurements. This conclusion is in agreement with literature reports, which found a dependence of the NC-CDW -I-CDW transition on the voltage sweep rate 50, 57 .
Additional details supporting our conclusions, as well as data for different devices, are provided in the Supplemental Materials.
To investigate in detail the I-CDW -NP transition specifically, several 1T-TaS2 devices were heated to 400 K, which is well above the NC-CDW -I-CDW phase transition temperature but substantially below the I-CDW -NP transition temperature of 550 K (see resistance data for device C in Figure 1 ). The tested devices had different channel lengths and widths in order to alter the electric bias, , needed to induce the I-CDW -NP transition either through the field Electric Switching of the Charge-Density-Wave and Normal Metallic Phases in 1T-TaS2 Thin-Film Devices -UC Riverside 2019
8 | P a g e strength or Joule heating. The evolution of electric current through the device and the normalized noise spectra density in one of the devices are shown in Figures 3 (a) , and 3 (b), respectively. The transition to metal phase is clearly seen as the step-like jump in the current, , resistance, = / , and as the peak in the normalized noise spectral density / 2 . In this specific device, with larger dimensions, an electric field ≈ 10.6 kV/cm is required to induce the transition to the metallic state. Note a pronounced noise peak at this value of the electric field, which exactly corresponds to the field of the jump in current to a lower resistivity state (see inset to Figure 3 (c)). In other devices, the changes in the current were small, and the I-CDW -NP transition could be unambiguously determined only from the peak in the noise spectral density (see Figure 3 (c)).
[ Figure 3 ]
A possibility of switching a CDW device to multiple resistive states by application of a small electric bias, e.g. below 3 V at RT, is important for information processing and memory applications 58, 59 . To demonstrate switching among all three CDW phases and one normal phase, we set the 1T-TaS2 device to the C-CDW state by cooling it below 200 K. In a device with properly selected dimensions, the application of a relatively small electric bias can induce all three transitions. [ Figure 4 ]
The possibility of inducing all three transitions with applied electric bias can be further confirmed with the low-frequency noise measurements. [ Figure 5 ]
The resistance changes near the I-CDW -NP transition can vary over a large range depending on the device structure and size. [ Figure 6 ]
We now examine the role that Joule heating of the device channel plays in the phase transitions. 11 | P a g e To further understand the phase transition mechanism and separate out the temperature effect from the field effect, we have modeled the heat diffusion in the experimentally tested sample, using the finite-element method implemented in COMSOL (see METHODS for details). The heat generation from Joule heating in the TaS2 channel region is sensitive to the sample geometry, material properties, and ambient conditions. The effective electric field, , and the current density, , in the channel are taken to be same as in the experiment by tuning the sheet resistance of the TaS2 [ Figure 7 ]
In conclusion, we investigated switching among three charge density wave phases - 13 | P a g e the shadow mask method, compared to 2-3 days required for the standard lithography process.
The designed shadow masks of TLM configuration were fabricated using the double-side polished Si wafers with 3 µm thermally grown SiO2 on both sides (Ultrasil Corp.; 500 µm thickness; P-type; <100>). The shadow mask fabrication process began with evaporation of 200 nm thick chromium (Cr) film on the front side of the wafer, followed by a combination of electron beam lithography (EBL) and Cr etchant (1020A) to create TLM pattern. This was followed by the fluorine-based reactive ion etching (RIE) to transfer the pattern to the underlying SiO2. Finally, the pattern was transferred into the underlying Si substrate using the deep reactive ion etching (DRIE) (Oxford Cobra). Since the 500 µm thick Si wafer is too bulky to etch through from the top, a large window was opened at the back side of the wafer by photolithography to remove the bulk Si until a thin Si membrane is left. Finally, The DRIE etch step was timed to break through the thin silicon membrane and release the stencil from the top. The shadow masks were directly used to fabricate plenty of devices by aligning them with pre-selected flakes on the device substrate using an optical microscopy, clamping the aligned mask and device substrate together, and placing the clamped assembly in an electron beam evaporator (EBE) for contact deposition (10 nm Ti and 100 nm Au) through the mask openings. The completed devices were then transferred to another vacuum chamber for electrical characterization. The thickness and width of 1T-TaS2 flakes were determined using atomic force microscopy (AFM) and scanning electron microscopy (SEM) inspection.
Electronic noise measurements:
The noise spectra were measured with a dynamic signal analyzer (Stanford Research 785). To minimize the 60 Hz noise and its harmonics, we used a battery biasing circuit to apply voltage bias to the devices. The devices were connected to Lakeshore cryogenic probe station TTPX. All I-V characteristics were measured in the cryogenic probe station (Lakeshore TTPX) with a semiconductor analyzer (Agilent B1500). The noise measurements were conducted in the two-terminal device configuration but with different channel length to determine the contribution of contact noise. Since the contact resistance of the devices are very low, the extracted contact noise was lower than thermal noise and played has no significant contribution to the noise due to the channel. The dynamic signal analyzer measures the absolute voltage noise spectral density of a parallel resistance network of a load resistor, (3.6 kΩ), and device under test (DUT), . The normalized current noise spectral density, / 2 , is calculated from the equation:
, where is the amplification of the low-noise amplifier (1000).
Finite element simulations:
To model the heat distribution in the TaS2 channel, we used the finite element model, implemented in COMSOL Multiphysics package 66 . The simulated device geometry corresponds to an experimental sample, which has a 50 nm thick TaS2 
where, is the mass density, is the heat capacity, is temperature, and is thermal conductivity.
The left side of Eq. (2) will disappear under steady state condition. On the right side of Eq. (2), Joule heating is captured by the generation term, = ⋅ = |∇ | 2 , where is the current density, is the electric field, is the electrical conductivity, and is the applied bias. The generated heat will appear as an outward heat flux, giving rise to a thermal gradient, ∇ . The electrical conductivity of the TaS2 channel (σ) is tuned to match the current and power density of the experimental sample. The thermal conductivity of TaS2 ( ) is around 4 ~ 10 Wm
]. For SiO2 layer, the thermal conductivity is 1.4 Wm
]. The metal contacts, as well as the bottom face of the Si substrate, are assumed to be always at room temperature (300 K).
Radiating heat boundary conditions are applied on the exposed TaS2 
